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Abstract 
The actin microfilament plays a critical role in many cellular processes including embryonic 
development, wound healing, immune response, and tissue development. It is commonly organized 
in the form of networks whose mechanical properties change with changes in their architecture due 
to cell evolution processes. This paper presents a new nonlinear continuum mechanics model of 
single filamentous actin (F-actin) that is based on nanoscale molecular simulations. Following this 
continuum model of the single F-actin, mechanical properties of differently architected lamellipodia 
are studied. The results provide insight that can contribute to the understanding of the cell edge 
motions of living cells. 
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1. Introduction 
As an essential component of cytoskeleton, actin plays critical roles in many cellular processes of 
eukaryotic cells such as wound healing (Martin 1997), cellular motility (Pantaloni, Clainche et al. 
2001; Pollard and Borisy 2003) and cytokinesis of eukaryotic cells (Pollard 2010). The mechanical 
properties of microfilament networks have been the focus of research for decades due to the 
important role actin plays in physiological activities (Kishino and Yanagida 1988; Kojima, Ishijima 
et al. 1994; Janmey and Chaponnier 1995; Dupuis, Guilford et al. 1997). Complex mechanical 
performances, including viscosity, strain hardening, stress-hardening and stress-softening, have 
been attributed to the actions of the actin filament (Gardel, Nakamura et al. 2006; Chaudhuri, 
Parekh et al. 2007; Åström, Kumar et al. 2008). All these discoveries indicate that mathematical 
models are difficult to achieve by simply idealizing homogenizing microfilament networks as 
continuum (macroscale) materials without losing the biological features of the actin gel. 
The presence of high concentrations of crosslinkers that bind to actin filaments promotes the 
assembly of highly organized, stiff structures, including isotropic, bundled and branched networks 
(Fletcher and Mullins 2010). Aligned filaments and highly branched filaments support different 
physiological phenomena in living cells. Hence, the mechanical properties of different 
configurations of microfilament networks should be studied to better understand the roles of these 
architectures on physiological responses. At the continuum level, F-actin can be simplified as a 
continuum beam when the filament is of the order of hundred nanometres (Li, Gu et al. 2012). With 
the beam idealization of the single F-actin, the load-induced nonlinear behaviours of microfilament 
networks were studied (StamenoviĆ and Coughlin 1999; Chen and Shenoy 2010). However, only 
linear elasticity was considered in the said study. According to experimental studies, single F-actin 
also presents nonlinear mechanical behaviours (Liu and Pollack 2002; Lu, Oswald et al. 2008). The 
detailed description of the mechanics of the single actin filament is required to more accurately 
predict the structural performances of the network structures are built from these single F-actin 
filaments.  
Multiscale approaches can provide the essential physical basis, including atomic level biophysical 
analysis of protein molecules to understand biomechanics and mechanobiology of microfilament 
networks (Bausch and Kroy 2006; Pollard and Cooper 2009). The concepts of bottom-up 
approaches have been proposed to understand mechanical behaviours of single F-actin and 
microfilament networks (Ayton, Noid et al. 2007; Yamaoka, Matsushita et al. 2012). In order to 
address the challenges posed by complex constitutive relationships of soft matter such as protein 
fibbers, Buehler proposed a multiscale method for investigating the biomechanics of alpha-helical 
intermediate filament networks based on constitutive relationships that are extracted from all-atom 
MD simulation and experiments (Buehler and Yung 2009; Buehler 2010).  
The microfilament networks in different living cells or even different parts in the same cell present 
different geometrical features. Earlier studies showed that actin branches at 20
o
 in the dendritic 
structure of lamellipodia (Svitkina and Borisy 1999). However, recent studies showed that 
differentially oriented populations of actin filaments generated in lamellipodia collaborate in 
pushing and pausing at the cell edge (Koestler, Auinger et al. 2008). This means, the orientations of 
the F-actin in the microfilament networks structure would determine the mechanical properties for 
different physiological functions. A more vertical orientation relative to the alignment of the cell 
membrane would lead to a protruding cell edge while a more paralleled alignment to the cell 
membrane orientation would stop the protrusion of the living cell’s edge.  
In this paper, by adopting the constitutive relationships from multiscale analysis, structural analysis 
will be conducted at continuum mechanics level to study the mechanical properties of 
microfilament networks with different filament orientations.  
2. Method 
In order to understand the physics of the physiological responses of microfilament networks 
multiscale mathematical modelling and simulation as is conducted with emphasis on the molecular 
to crystallographic macrostructure of the actin filament. 
2.1. Multiscale modelling of F-actin 
Multiscale modelling technique is adopted in this paper to extract the constitutive relationship of 
single F-actin for further continuum mechanics modelling. Figure 1 provides the fundamentals of 
the multiscale modelling method adopted. Figure 1(a) shows the Oda 2009 F-actin model (Oda, 
Iwasa et al. 2009), which is used in this paper to extract the properties defining the functional 
interactions between the F-actin and its adjacent G-actin monomers. A multiscale bead model for F-
actin was proposed based on interactions between neighbouring actin molecules that are extracted 
from molecular dynamics (MD) simulations, as is shown in figure 1(b). Finally, this model was 
applied to microfilament networks to explore the biomechanical properties of microfilament 
networks, as shown in figure 1(c). 
 
Figure 1. Multiscale approach for microfilament networks. 
The constitutive relationship of a single F-actin can be extracted using the multiscale technique. 
Figure 2 provides the nonlinear constitutive relationship obtained from multiscale modelling.  
 
Figure 2. The constitutive relationship of a single F-actin. 
Continuum mechanics modelling of microfilament networks will be conducted based on this 
constitutive relationship of single F-actin. It should be noted that, the strain transitions are lower 
compared to the macroscale response, which means single F-actin shows less tolerance to 
deformations. This characteristic is in accordance with the experimental results of Lin and Pollack 
(2002).  
2.2. FEM modelling  
Finite element method (FEM) analysis was applied to construct a continuum mechanics model of 
microfilament networks. The height of the microfilament networks that are studied in this paper is 
1μm, which makes the aspect ratio of the single F-actin lager than 177. From this previous 
publication (Li, Gu, Oloyede and Yarlagadda 2012), Euler-Bernoulli beam model can be adopted to 
analyse the mechanical performance of microfilament networks which are built from single F-actin. 
The simulations are conducted in the commercial FEM package ABAQUS 6.9 (Hibbit 2009). 
Hyperelastic constitutive relationship assumed for the complex nonlinear mechanics behaviour 
(figure 2) of F-actin. Figure 3 provides FEM models of microfilament networks whose filament 
orientation follow gauss distribution. The orientation distribution varies from 10
o 
to 30
o
, and the 
orientation variances for all models is one. 
 
Figure 3. FEM model of randomly distributed microfilament networks with different F-actin orientations. 
The red dots are the crosslinkers in the microfilament networks. Note that, the crosslinkers in this 
continuum mechanics model have no different mechanical properties from the other parts of the F-
actin, and the F-actin filaments are clamped at these crosslinkers. However, special proteins 
including ARP2 and ARP3 stimulate the branching of new F-actin (Pollard 2007). Further 
investigation should be conducted to understand the mechanical properties of the crosslinkers, 
which will make the theoretical modelling more accurate in the prediction of the mechanical 
properties of the microfilament networks. 
3. Results and Discussion 
Microfilament networks with different fibrillar orientations are studied in this paper to understand 
their mechanical properties with respect to the geometric features of the actin filament structure. In 
our studies, the bottom end of the microfilament network is clamped, and displacement constants 
are applied at the other end. The illustration of the applied boundary conditions is provided in 
Figure 4. The engineering strain of the whole network was kept under 0.5, while the force-
displacement relationship was measured. The thickness of the microfilament network was 1m.  
 
Figure 4. The constrains of the microfilament network in the loading process. 
Figure 5 shows the force-deformation relationships of networks with different filament orientations 
during tensile loading. It can be found that smaller orientation angles resulted in higher stiffness. 
The more vertical the microfilament to the cell membrane is, the higher the tensile stiffness of the 
microfilament network under tensile loading. However, relationship between the tensile stiffness 
and orientation of the microfilaments was quite variable. This present analysis demonstrates the 
difficulty in obtaining an analytical solution for the beam frame as the constitutive relationship of 
the single F-actin presents strong non-linear properties. FEM provides a more realistic way to study 
the mechanical properties of microfilament networks which consist of randomly crosslinked F-actin.   
 
Figure 5. The force-deformation relationships with respect to microfilament orientations. 
The stiffness difference is a result of the variance of the filament orientation. The more 
perpendicular an F-actin bundle is to the cell membrane the stiffer the bundle would be. It is 
commonly recognized that, the difference in the filament orientation determines the protrusion of a 
living cell in the cell protruding process (Koestler, Auinger, Vinzenz, Rottner and Small 2008). 
More vertically oriented filaments contribute to the protrusion of a living cell. According to the 
results from the continuum mechanics modelling in this paper, the higher stiffness of lamellipodia, 
as a result of the more perpendicular filament orientation, contributes to the protrusion of the living 
cells. A more parallel to cell membrane filament orientation will lead to lower stiffness of the actin 
gel, which will finally lead to the pause or retraction of the cell edge. 
Figure 6 plots the von-mises stress distributions in microfilament networks whose filament 
orientation follows Gauss distribution during the loading process. It can be found that the stress 
situations differ in differently oriented filaments. Stress concentration is obvious at the branching 
crosslinkers on the microfilament networks. Hence, the mechanical properties of the crosslinkers 
should be further studied to better understand the mechanical performances of the complex 
crosslinked microfilament networks, which will be our future work. 
 
Figure 6. The stress of the network whose filament orientation expectation is 20
o 
at different loading strain. 
4. Conclusions 
This paper presents a newly developed continuum mechanics model of single F-actin which is 
extracted from multiscale analysis. Base on this constitutive relationship, a FEM model for 
randomly distributed microfilament networks is established. The stiffness of microfilament 
networks with respect to the filament orientations are studied to understand the mechanics of 
lamellipodia which is the reason for cell edge protrusion and retraction. From the above studies, the 
following conclusions can be drawn: 
 According to the multiscale analysis, single F-actin presents strong nonlinear mechanical 
behaviour which is critical to the continuum mechanics modelling of microfilament 
networks. 
 FEM provides a more realistic analytical tool at the continuum mechanics level for 
microfilament network modelling.  
 The stiffness of the lamellipodia is dependent on the orientation of the filament orientation, 
which further determines the cell edge behaviours including protrusion and retraction. 
Based on the constitutive laws extracted from molecular simulations, this newly proposed analytical 
method provides a powerful tool at continuum mechanics level, which can overcome the special 
limitation of molecular simulations, to predict the performances of the microfilament networks. The 
results of the mechanical performances of microfilament networks with different architectures 
provide insight into the understanding of cell edge motions in living cells. 
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